Objectives-Although lung ultrasound (US) has been shown to have high diagnostic accuracy in patients presenting with acute dyspnea, its precision in critically ill patients is unknown. We investigated common areas of agreement and disagreement by studying 6 experts as they interpreted lung US studies in a cohort of intensive care unit (ICU) patients.
Objectives-Although lung ultrasound (US) has been shown to have high diagnostic accuracy in patients presenting with acute dyspnea, its precision in critically ill patients is unknown. We investigated common areas of agreement and disagreement by studying 6 experts as they interpreted lung US studies in a cohort of intensive care unit (ICU) patients.
Methods-A previous study by our group asked experts to rate the quality of 150 lung US studies performed by 10 novices in a population of mechanically ventilated patients. For this study, experts were asked to interpret them without the clinical context, reporting the presence of pneumothorax, interstitial syndrome, consolidation, atelectasis, or pleural effusion.
Results-The rate of expert agreement depended on how it was defined, ranging from 51% (with a strict definition of agreement) to 57% (with a more liberal definition). Removing cases involving lung consolidation (the most common source of disagreement) improved the rates of agreement to 69% and 86%, respectively.
Conclusions-The frequency of agreement was lower than might have been expected in this study. Several potential reasons are identified, chief among them the fact that ICU patients often develop multiple pulmonary insults, making agreement on a specific primary diagnosis challenging. This finding suggests that the utility of lung US in identifying the main contributing lung condition in ICU patients may be lower than in dyspneic patients encountered in the emergency department. It also raises the possibility that the clinical context is more important for lung US than other imaging modalities.
Key Words-critical care; lung ultrasound; medical education; point-of-care ultrasound T he term point-of-care ultrasound (US) refers to a goaldirected US examination performed directly by the treating physician to answer a well-defined question relevant to the immediate care of a patient. Lung US is a relative newcomer to the point-of-care US landscape; unlike other core applications such as cardiac US, it was discovered and developed primarily by acute care physicians in intensive care units (ICUs) and emergency departments. 1 This fact, coupled its relatively short history, means that the modality has been relatively understudied from an educational point of view.
Lung US involves a goal-directed approach to quickly identify or exclude potential causes of respiratory distress or hypoxemia. The initial descriptions of a discrete series of US patterns by Lichtenstein et al 1 have consistently shown high concordance with a related set of causes of dyspnea, having been extensively studied by multiple investigators. 2 A typical screening examination would involve scanning 4 points on each hemithorax 3 to assess for common conditions such as pneumothorax, 4 lung consolidation, 5 pulmonary edema, 6 and pleural effusion. 7 Quickly identifying these pathologic states is obviously of great utility, but discovering normal thoracic examination results in a severely dyspneic patient is also very helpful in suggesting conditions such as pulmonary embolism and bronchospasm. 8 Contrary to the high accuracy reported in the existing literature when lung US examinations are performed in acutely dyspneic patients, 2 the performance characteristics of studies performed in the less acute, mechanically ventilated ICU population is unknown. We set out to examine the frequency of agreement among lung US experts in identifying lung conditions in these patients by studying 6 experts as they interpreted US studies in a cohort of ICU patients.
Our group has previously taken an interest in the educational aspects surrounding point-of-care US, with the creation and validation of competency assessment tools 9 and the mapping of typical US learning curves. 10 With respect to thoracic US, we recently developed the Assessment of Competency in Thoracic Sonography scale, 11 a tool to rate the quality of lung US studies. In the course of validating the scale, we created a pool of 150 lung US studies, performed by point-of-care US learners, and had each one independently interpreted by 2 content experts. This process provided us with an opportunity to assess the agreement, or lack thereof, between expert reviewers.
Materials and Methods
As part of a separate study, 11 our group created and evaluated a large pool of lung US studies produced by a group of 10 point-of-care US learners at Western University in London, Ontario. The learners consisted of physician trainees in either emergency medicine or critical care and were selected on the basis of the following criteria: (1) having had basic training in point-of-care US; (2) currently participating in the local point-of-care US training program in London, Ontario; and (3) having recently completed their first 50 lung US studies as part of the local training program. Lung US examinations were performed according to the typical scanning protocol of the Western University ICU, which consisted of an 8-point screening examination (4 video clips captured from each hemithorax; Figure 1 ). All US images were stored on the local archiving system (Q path software; Telexy Healthcare, Port Coquitlam, British Columbia, Canada), and ethics approval was granted by the London Research Ethics Board.
A series of representative video clips were extracted by taking the set of available US studies from each learner and sampling the learner's portfolio of thoracic studies at regular intervals. In cases in which a particular study contained multiple captured clips pertaining to the same anatomic scanning position, the highest-quality clip was selected, and the others discarded; each study therefore contained exactly 8 video clips. This process was done by the same blinded author (R.J.G.) in all cases in an effort to improve consistency. These studies were then anonymized (with both patient and operator information removed), merged into the larger pool of sampled studies from all learners, randomized, and then distributed to the experts for evaluation. Each study was evaluated by a pair of experts, and all ratings were subsequently pooled for the statistical analysis. Each expert reviewed exactly 50 studies, and the expert pairings were randomized every 10 studies. Each expert who participated in this study is responsible for the point-of-care US training program at a major North American academic center, and most had participated in the development and validation of our previous cardiac tool. 9 In addition to asking the experts to rate the quality of the US studies, we also asked them for their interpretation in the absence of any clinical information. Experts were prompted to provide their opinion on the most likely primary diagnosis and any secondary diagnoses. The potential options for both primary and secondary diagnoses included normal results, pneumothorax, lung consolidation, pulmonary edema, atelectasis, or pleural effusion. Expert confidence was additionally assessed; experts reported confidence after providing their diagnosis using 5 categories defined by a 10-unit interval, 50% to 60%, 60% to 70%, 70% to 80%, 80% to 90%, and 90% to 100%.
We used 2 different definitions of agreement for the primary diagnosis: strict and liberal. The strict definition meant that each expert had to arrive at exactly the same primary diagnosis; for example, if both experts indicated pleural effusion as the primary problem, they would be considered to be in agreement. However, because the nature of respiratory failure in the ICU very commonly involves multiple coexisting conditions (eg, a consolidated lung and associated pleural effusion), we thought that requiring perfect agreement was unrealistic, especially in the absence of clinical information. Thus, a liberal definition of agreement was proposed, requiring that the same condition appear as a primary or secondary diagnosis for each expert. For example, one expert could indicate pleural effusion as the primary diagnosis and consolidation as the secondary diagnosis, whereas the second expert could inversely list consolidation as the primary diagnosis and pleural effusion as the secondary diagnosis.
Results

Primary Diagnosis
A total of 150 thoracic US studies were interpreted independently by 2 of the 6 experts. Using the strict definition of agreement, experts agreed exactly on the primary diagnosis in 76 cases (51%). With the liberal definition, agreement rose to 85 of 150 cases (57%).
Agreement and Disagreement Between Experts
Before assessing general trends, we first sought to identify the individual level of agreement within each condition. Each of the 150 US studies was reviewed by 2 experts; therefore, 300 primary diagnoses were listed. To examine the specific patterns of agreement and disagreement, expert responses were organized into a confusion matrix (Table 1 ) using the strict definition of agreement provided above. A confusion matrix permits an examination of how respondents classify a set of stimuli given the available categories. Each cell in the diagonal represents the number of occurrences in which experts provided the same diagnosis, with the remaining cells representing cases in which the experts provided differing opinions on the primary diagnosis. The episodes of disagreement were quite evenly distributed among the 6 experts. Of the 148 episodes of disagreement, expert 1 was involved in 27, expert 2 in 22, expert 3 in 22, expert 4 in 27, expert 5 in 25, and expert 6 in 25.
The most common specific disagreement between experts was between consolidation and pleural effusion as the primary diagnosis: a disagreement that occurred 17 times. Disagreement in which one expert marked consolidation as the primary problem and the other indicated interstitial syndrome occurred 11 times, and disagreement between consolidation and atelectasis as the primary diagnosis occurred 8 times. Notably, all 3 of the most common disagreements involved the diagnosis of consolidation.
Given that the diagnosis of consolidation served as a major source of disagreement, we sought to identify whether removing cases of consolidation might improve overall expert agreement. We found support for this hypothesis such that the removal of cases of consolidation assigned by either expert (67 such cases) increased expert agreement to 69% (using the strict definition: 57 episodes of agreement for 83 cases) and 86% (using the liberal definition: 71 episodes of agreement for 83 cases), respectively.
Patterns of Expert Agreement for Each Primary Diagnosis
We additionally sought to identify the number of cases of agreement for each specific diagnosis. In the cohort, there were 40 incidences of studies classified as normal, 13 as pneumothorax, 62 as interstitial syndrome, 75 as pleural effusion, 81 as consolidation, and 29 as atelectasis. As Table 2 indicates, expert agreement varied considerably across diagnostic categories. Using the strict definition, experts agreed in 60% of cases classified as normal (24 of 40 cases), 31% for pneumothorax (4 of 13 cases), 58% for interstitial syndrome (36 of 62 cases), 59% for pleural effusion (44 of 75 cases), 47% for consolidation (38 of 81 cases), and 21% for atelectasis (6 of 29 cases).
Expert Confidence
Experts were additionally asked to provide their confidence in each diagnosis. Confidence was analyzed by using the mean value of each interval (eg, 50%-60% 5 55%). As Table 2 indicates, experts had a relatively high level of confidence in their diagnoses overall. Confidence was highest for the diagnosis of interstitial syndrome and lowest for pneumothorax.
Given the high levels of confidence and considerable variability in the levels of agreement, we computed a difference score that allowed us to examine discrepancies between expert confidence and expert agreement. In a manner analogous to overconfidence, this measure The percentage of cases in which experts agreed on the primary diagnosis is compared to the average subjective confidence in each individual diagnosis. A difference score was computed by obtaining the difference between the percentage of confidence and percentage of agreement.
can be used to determine areas wherein respondents express high levels of certainty but there are low levels of agreement between respondents. Importantly, as Table  2 indicates, we found the largest discrepancies between expert agreement and subjective confidence for atelectasis and pneumothorax and greatest correspondence for normal studies and pleural effusion.
Discussion
Lung US, one of the more recently developed point-ofcare US applications, is generally not as well studied as the techniques derived from more traditional US fields such as echocardiography. The sensitivity and specificity of the discrete, well-defined lung US patterns have been derived by comparison to a reference standard such as computed tomography, 2 usually in patients presenting to the emergency department with a single acute problem (typically dyspnea). Our cohort involved scans performed primarily on mechanically ventilated ICU patients with varying lengths of stay in the ICU, who were therefore much more likely to have multiple coexisting lung insults as well as chronic lung diseases.
The rate of agreement between experts, although not inconsistent with inter-rater reliability data from other less common areas of US, [12] [13] [14] [15] was nonetheless lower than might have been expected; this finding was likely driven by several factors. Chief among the potential explanations was the coexistence of multiple abnormal lung US patterns in many patients, making it challenging to agree on which was the primary problem. The most common areas of disagreement centered on deciding on the relative importance of consolidative-like patterns; the 3 specific disagreements that occurred most commonly all involved possible lung consolidation. This finding was, perhaps, understandable given the well-known difficulties with each diagnostic pairing. An atelectatic lung, for example, can be difficult to distinguish from consolidation, which typically represents pneumonia. Determining the relationship between pleural effusion and a consolidated lung is also challenging, in which pneumonia can be the main problem (with the effusions representing as para-pneumonic process), or the effusion can be the primary issue (with the consolidation being, in fact, associated compressive atelectasis). Distinguishing consolidation from interstitial syndrome can also be difficult, as both can generate areas of B-lines on lung US images. The effect of confusion surrounding lung consolidation is made clear, as the rate of expert agreement rose as high as 86% when such cases were removed from the cohort. Certainly, these difficulties were compounded by the absence of clinical information, as discussed below.
Expert agreement surrounding potential cases of pneumothorax was only 31% when using the strict definition. This finding may have simply been a sample size issue, with only 13 observations in the cohort. Alternatively, it may have been due to the nature of lung US itself, which can be used to rule in pneumothorax 16 but is generally more straightforwardly used to rule it out. The rate of expert agreement was even lower for potential diagnoses of atelectasis, at only 21%, a fact potentially explained by overlap with other lung US appearances. All ICU patients have some atelectasis due to being bedridden; thus some experts may have classified small amounts of atelectasis as normal. Furthermore, atelectasis can appear much like consolidation, can generate a B-line pattern as do interstitial syndromes, and can be associated with pleural fluid in some cases; indeed, in the study cohort, disagreements surrounding atelectasis were evenly split between the other competing diagnoses.
The variable image quality of the rated US studies may also have played a substantial role. For the original study in which the assessment tool was created and validated, 11 studies with a wide range of image quality were intentionally selected to represent the breadth typically seen in critically ill patients, in whom image quality is often challenging. The mean image quality score in our original study was 27.3 of 40 (range, 5-40), reflecting this broad range. The frequency of low-and mediumquality images here differed markedly from studies in which all examinations were performed and interpreted by experienced practitioners in the field, rather than by trainees.
The absence of clinical information at the time of lung US interpretation represents another major explanation for the low rate of expert agreement. Although other lung US studies feature experts who are blinded to all clinical information yet achieve high rates of accurate diagnosis, 17 these studies typically involve acutely unwell patients with a single chief symptom of dyspnea rather than a mixed population of mechanically ventilated inpatients. Furthermore, these studies are typically conducted in real time, with the expert performing and interpreting the lung US examination contemporaneously. Our study, on the other hand, featured studies performed by trainees and then interpreted post hoc by experts blinded to the clinical information. This approach suggests that, contrary to acute presentations of dyspnea in which clinical information beyond the chief symptom seems relatively unimportant, in the mechanically ventilated patient with multiple lung insults, the clinical context may be much more essential. The methods of our study put the expert reviewers in a role more akin to radiologists (reading the study post hoc without much clinical information), rather than their typical role as point-of-care US providers; this factor may also have adversely affected agreement.
Finally, the method used in our study to gather data was designed for efficiency but may have introduced other sources of potential error. Ultrasound studies were uploaded to an online survey platform for review, which is not the typical way experts view point-of-care US studies. Experts found the interpretation process somewhat counterintuitive, both in terms of looking at the studies when embedded in a survey and in terms of being forced to choose primary and secondary diagnoses. Operator fatigue in reviewing high volumes of cases may have been a factor as well, in addition to a lack of standardized expert training.
Our analysis of expert confidence generates some interesting hypotheses. The difference between expert agreement and expert confidence was highest for consolidation, atelectasis, and pneumothorax, 3 lung US diagnoses that are known to be challenging in clinical practice (ruling in pneumothorax can be difficult; ruling one out is generally straightforward). This finding raises the possibility that there was some overconfidence surrounding these 3 diagnoses. In contrast, the agreementconfidence difference was low for the more straightforward diagnoses of pleural effusion, interstitial syndrome, and normal results, suggesting that confidence was appropriately high among our experts, and the experts were well calibrated in the assessment of their own performance.
This study had limitations that must be acknowledged. The principal limitation was one of sample size; because of the limited availability of both experts and learners, we obtained sample sizes of only 6 and 10, respectively. All US studies were generated from a single academic center, raising concerns about the generalizability of the results. We did not ask a third expert to independently adjudicate cases in which the 2 initial experts disagreed, meaning that we are left with uncertainty as to which of the experts was correct in the diagnosis. Other US views (eg, pleural analysis using a linear transducer), which would have been helpful in resolving difficult cases, were not incorporated into our study for the sake of consistency.
In conclusion, the ability of experts to interpret lung US studies of variable quality in the absence of clinical information for complex ICU patients may be lower than expected. This finding should inform the manner in which such studies are interpreted in clinical practice, arguing for a cautious approach and the inclusion of as much clinical information as possible. Particular care should be exercised when cases involve potential consolidation patterns. Further study is required to elucidate the optimal approach to the interpretation of lung US studies in critically ill patients.
